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Abstract. The energy density of energetic protons, Up, in several nearby starburst nuclei (SBNs) has been directly deduced
from γ-ray measurements of the radiative decay of π0 produced in interactions with ambient protons. Lack of sufficient sensi-
tivity and spatial resolution makes this direct deduction unrealistic in the foreseeable future for even a moderately distant SBN.
A more viable indirect method for determining Up in star-forming galaxies is to use its theoretically based scaling to the energy
density of energetic electrons, Ue, which can be directly deduced from radio synchrotron and possibly also nonthermal hard
X-ray emission. In order to improve the quantitative basis and diagnostic power of this leptonic method we reformulate and
clarify its main aspects. Doing so we obtain a basic expression for the ratio Up/Ue in terms of the proton and electron masses
and the power-law indices that characterize the particle spectral distributions in regions where the total particle energy density
is at equipartition with that of the mean magnetic field. We also express the field strength and the particle energy density in the
equipartition region in terms of the region’s size, mean gas density, IR and radio fluxes, and distance from the observer, and
determine values of Up in a sample of nine nearby and local SBNs.
Key words. diffuse radiation – galaxies: starburst – galaxies: radio emission – cosmic rays: observations – galaxies: individual
1. Introduction
Supernovae (SNe) are thought to be the main drivers of particle
acceleration via the Fermi-I diffusive shock mechanism (e.g.,
Gaisser 1990). The radiative yields of relativistic electrons and
protons have been measured in the radio to TeV regions.
Proton interactions with ambient gas protons produce neu-
tral pions (pi0), whose decay into γ rays is the most signifi-
cant signature of the main component of cosmic rays (CRs).
Measurement of this emission yields the essential ingredient
in the energetics of galactic nonthermal particles, and together
with synchrotron and Compton emissions by relativistic elec-
trons, allows us to relate diverse phenomena such as star for-
mation (SF) and SN rates, efficiency of particle acceleration,
and magnetic field strength. The high SF rates and dense gas
in starburst nuclei (SBNs) make these regions prime targets for
exploring this relation between stellar and nonthermal quanti-
ties to explore these environments.
In a SBN with H-nuclei number density n and volume V ,
the integrated hadronic γ-ray emission from pi0 decay is
L
[qp]
≥ǫ ∼
∫
V
g
[qp]
≥ǫ nUp dV s
−1 (1)
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with the integral emissivity g[qp]≥ǫ measured in units of pho-
ton s−1(H-atom)−1(eV/cm3)−1, and qp the spectral index of
the proton power-law distribution (Drury et al. 1994). The
value of Up can be determined from the measured value of
L
[qp]
≥ǫ if n(r) is known. In steady state the spectro-spatial par-
ticle distributions can be calculated by numerically solving
a convection-diffusion equation which includes all the rele-
vant energy losses (e.g., Paglione et al. 1996; Torres 2004).
Normalizing the particle distributions based on their measured
radiative yields estimates of their entergy densities. In partic-
ular, measurement of the pi0-decay γ-ray emission is the most
direct way to determine Up.
Improving the physical basis for a reliable extraction of
the proton energy density, Up, from γ-ray measurements is
well motivated and timely, in light of recent satellite and
ground-based observations. These include the detection of
three nearby starburst galaxies, NGC 253, NGC 3034 (M 82),
and NGC 5945, in the GeV (Ackermann et al. 2012) and TeV
(Acero et al. 2009; Acciari et al. 2009; Lenain et al. 2010)
regions. Measured fluxes from these galaxies agree with ear-
lier theoretical predictions (NGC 253: Domingo-Santamarı´a &
Torres 2005, Rephaeli et al. 2010; NGC 3034: Persic et al.
2008, de Cea et al. 2009; NGC 4945: Lenain et al. 2010) based
on convection-diffusion models for proton and electron propa-
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gation and energy losses. While there were appreciable differ-
ences in the models treated in those works, predicted values for
Up in the SBNs of the three galaxies were around 250 eV cm−3.
Even though most of the energetic particle energy is in
protons, the level of the unbeamed hadronic emission in most
SBNs is not high enough to obtain a reliable estimation of
Up from the measurement of hadronic γ-ray emission. This
is the main reason why, with current detector sensitivities, γ-
ray emission was detected (as we just noted) in only three
nearby starburst galaxies. It is therefore important to reformu-
late the leptonic route for estimating particle energy densities,
testing its viability in these three starburst galaxies, and ap-
plying the insight gained from applications of both methods to
these nearby galaxies to improve the precision with which Up
and Ue can be determined in SBNs.
Starting with estimates of the duration of a starburst phase,
and of the relevant timescales for particle acceleration, energy
loss, and advection, we show that particle distributions can
be in steady state in a SBN. We continue with the usual as-
sumptions in order to relate the proton and electron densities
by charge neutrality, and energy densities through equiparti-
tion with the mean magnetic field. Doing so we reformulate
the hadronic and leptonic methods for determining particle en-
ergy densities from measurements of radio and γ-ray emission,
and refine the expressions for the proton-to-electron density
and energy density ratios. We then obtain an expression for
the equipartition magnetic field and particle energy densities
in a SBN in terms of an assumed (theoretically-based) value
of the spectral index of the proton density, and basic measured
parameters characterizing the region, i.e., size, gas density, IR
luminosity, radio flux, radio spectral index, and distance from
the observer.
In Section 2 we assess the viability of the standard assump-
tion that particle distributions attain a steady state, and the like-
lihood of reaching energy equipartition with the mean magnetic
field in the SBN. The basic expressions for proton-to-electron
(p/e) ratios and for Up in terms of the electron synchrotron flux
are written in Sect. 3. In Section 4 these expressions are ap-
plied to a sample of nearby and local SBNs. We conclude with
a discussion and a summary in Sect. 5.
2. Energy loss and propagation timescales
The benchmark timescale for enhanced stellar activity in a
SBN, i.e., the duration of the starburst phase, is typically es-
timated to be tSB ∼ 108 yr. This characteristic time sets the
scale for the assessment of temporal non-variability of parti-
cle distributions. Specifically, particle densities may attain a
steady state if their characteristic acceleration and the weighted
energy loss (by collisions and through propagation out of the
SBN) timescales are considerably shorter than tSB. If so, and
if the acceleration and energy loss timescales are comparable,
the particle (spectral) densities are in a steady state.
Acceleration in a SN remnant (SNR) by the Fermi-I pro-
cess occurs on a timescale tacc ≡ E/E˙ = (∆E/E)−1∆t =
β−1∆t = (30/β0.033)∆t ∼ 3 × 105 yr, where ∆t ∼ 104 yr is
a typical SNR lifetime, and β0.033 is the speed of the SN shock
in units of 0.033 c = 104 km s−1. Clearly, particle acceleration
to all relevant energies occurs on a relatively short timescale.
Protons lose energy mainly by proton-proton (pp) interac-
tions and escape out of the SBN, on a characteristic timescale
t−1p = t
−1
pp+t
−1
out. The two terms on the r.h.s. are the energy-loss
timescales for, respectively, pp interactions, tpp = (σppcn)−1
with σpp the corresponding total cross section, and particle re-
moval, t−1out = t−1adv+t
−1
diff , with tadv the timescale for advection
in a large-scale outflow (i.e., a galactic wind) and tdiff the diffu-
sion timescale. In the energy range 10−105 GeV, it is σpp ∼ 50
mb, so that tpp ∼ 2 × 105
(
n
100 cm−3
)−1 yr. For a homoge-
neous distribution of SNe in a SBN of radius rs, the advec-
tion timescale for transfer of particles out of the disk mid-plane
region in a fast (vadv ∼ 1000km s−1) SB-driven wind 1 is
tadv = 5 × 104(rs/0.2 kpc)(vout/1000 km s−1)−1 yr. Particle
diffusion is likely to be dominated by random-walk through
the tangled magnetic fields in the SBN. In this dense region
the field coherence scale is expected to be much smaller than
in the disk (where the small-scale cellular structure has a co-
herence scale ∼ 100 pc), so scaling to a value of 3 pc, the
characteristic diffusion time of protons in the SBN is tdiff =
1.3 × 105(rs/0.2 kpc)2(λ/3 pc)−1 yr, a value comparable to
tadv. From t−1p = t−1pp + t
−1
out, we get tp ∼ 3 × 104 yr for fidu-
cial parameter values typical for SBNs.
The electron energy loss timescale is determined by
Coulomb, bremsstrahlung, synchrotron and Compton pro-
cesses, and escape out of the SBN, t−1e = t−1C +t
−1
br +t
−1
SC+t
−1
out,
respectively. Limiting the discussion here to electron ener-
gies higher than a threshold value γ1 below which Coulomb
losses become relevant (see Sect. 4), we can ignore this non-
radiative process in the estimation of the weighted mean en-
ergy loss time. The bremsstrahlung cooling time for elec-
trons traveling through ionized gas with number density n is
tbr = 4.4 × 107n−1 yr. The synchrotron-Compton time for
electrons traversing a region with disordered magnetic field B
with energy density UB = B2/(8pi), and IR energy density
UIR = LIR/(4pir
2c), is tSC = 3mec4σT γ
−1(UB + Uph)
−1 ≃
γ−1(UB + Uph)
−1 yr. Under typical SBN conditions, which
are fully specified in Sect. 4 (see also Fig. 1), the weighted en-
ergy loss time for high energy electrons is te ∼ 4.3×104 yr for
γ ∼ 103.
Since typical acceleration and energy loss times are much
shorter than the SB duration, particle spectral densities can at-
tain steady state at levels that are proportional to the respec-
tive ratio of the energy loss time to the acceleration time.
More generally, in a state of hydrostatic and virial equilib-
rium, it is likely that in the minimum energy configuration
energy densities of particles and magnetic fields, which are
tightly coupled dynamically and energetically in the SN en-
vironment, are in energy equipartition (e.g., Longair 1981).
Generally, the denser and more radiatively intense the envi-
ronment, the tighter is the coupling between all degrees of
freedom, including nonthermal particles and magnetic fields.
Physical processes that couple nonthermal particles and ther-
1 This velocity seems appropriate for NGC 3034, given the termi-
nal outflow velocity of 1600− 2200 km s−1 deduced by Strickland &
Heckman (2009; see also Chevalier & Clegg 1985).
3mal gas are Coulomb interactions (i.e., ionization, electronic
excitations, and bremsstrahlung), Compton scattering, and ex-
citation of magnetic turbulence (e.g., Alfve´n waves) by non-
isotropic particle distributions. Particle coupling to magnetic
fields is particularly strong because of the high field strength in
a SBN and its disordered morphology, affecting both particle
energy distribution and transport properties. Under such condi-
tions, particle-field energy equipartition would be expected.
3. Particle and field energy densities
In repeated crossings of the shock region, fast electrons and
protons in the ambient SNR gas gain energy from their initial
fiducial kinetic energy T0 ≃ 10 keV (in the Maxwellian tail) to
a very high value, O(105) GeV. In the immediate vicinity of the
acceleration sites, and before energy losses substantially mod-
ify their initial distributions, the particles’ spectral densities are
usually assumed to have a power-law (in momentum p) form,
Nj(p) = N0,jp
−qj with j = e, p for, respectively, electrons and
protons; in general, qe 6= qp. If the gas of nonthermal electrons
and protons is approximated as an electrically neutral plasma,
then
no =
∫ ∞
T0
Ne(T ) dT =
∫ ∞
T0
Np(T ) dT . (2)
The basic energy-momentum relation yields dp/dT=(T/c2 +
m)(T 2/c2 + 2Tm)−1/2, and using Nj(T )=Nj[p(T )]dp/dT ,
an explicit expression for Nj(T ) is obtained (e.g., Schlickeiser
2002):
Nj(T ) =
N0,j
c2
(T +mjc
2)
(T 2
c2
+ 2Tmj
)−(qj+1)/2
. (3)
The respective normalization can now be obtained by perform-
ing the integration in Eq. (2):
N0,j = n0 (qj − 1)
[T 20
c2
+ 2T0mj
](qj−1)/2
. (4)
The p/e number density ratio, ζ = Np(T )/Ne(T ), can now
be explicitly written
ζ(T ; qp, qe) =
(qp − 1)
(qe − 1)
[T 20 + 2T0mpc
2]
qp−1
2
[T 20 + 2T0mec
2]
qe−1
2
×
× T
−
(qp+1)
2 (T +mpc
2)(T + 2mpc
2)−
qp+1
2
T−
(qe+1)
2 (T +mec2)(T + 2mec2)−
qe+1
2
. (5)
When it is assumed that qp = qe = q (e.g., at injection),
simpler limiting expressions for this ratio are obtained (e.g.,
Schlickeiser 2002):
ζ(T ; q) =


1 ... T ≪ mec2
∝ ( Tmpc2
) q−1
2
... mec
2 ≪ T ≪ mpc2(mp
me
) q−1
2
... T ≫ mpc2 .
(6)
The general expression for the p/e energy density ratio,
κ(T0; qp, qe) =
∫∞
T0
Np(T )T dT∫∞
T0
Ne(T )T dT
, (7)
can also be written as:
κ(T0; qp, qe) =
(qp − 1)
(qe − 1)
(T 20 + 2T0mpc
2)
qp−1
2
(T 20 + 2T0mec
2)
qe−1
2
×
×
∫∞
T0
T−
qp−1
2 (T + 2mpc
2)−
qp+1
2 (T +mpc
2)dT∫∞
T0
T−
qe−1
2 (T + 2mec2)−
qe+1
2 (T +mec2)dT
. (8)
In order to explore the relevant range of values of this ratio, we
computed κ for several representative values of qp and qe (see
Table 1). An approximate expression for κ can be obtained by
considering only proton and electron energies higher than the
respective particle mass (where the particle spectra,Nj(T ), are
single-power-law in energy):
κ(qp, qe) ≃ (qp − 1)
(qe − 1)
(qe − 2)
(qp − 2)
(2T0mpc
2)
qp−1
2
(2T0mec2)
qe−1
2
×
× (mpc
2)2−qp
(mec2)2−qe
, (9)
which for qp = qe = q reduces to
κ(q) ≃
(
mp
me
)(3−q)/2
. (10)
This expression for the energy density ratio (Eq. 10) is anal-
ogous to the high-energy limit of the number density ratio in
Eq. (6) (see also Persic & Rephaeli 2014).
Determining Up from the theoretically predicted value of
κ and Ue, which is deduced from the measured radio flux,
obviously requires knowledge of the mean magnetic field in
the emitting region, B. To overcome this (implied) indetermi-
nacy, the assumption of field and particle energy equipartition
is commonly made. In addition, the contribution of secondary
electrons (from pi− decay) 2 to the (steady state) electron den-
sity has to be included.
While the exact form of the particle steady-state spectral
density does not generally have a single power-law form (e.g.,
Rephaeli 1979), the radiative yields are largely by protons
and electrons with energies higher than a few Gev, for which
Coulomb losses (which flatten the spectral density) are sub-
dominant. In this limit, the total electron spectral density can
be approximated by
Ne(γ) = Ne,0 (1 + χ) γ
−qe , (11)
where the electron Lorentz factor γ is in the range γ1 ≤ γ ≤
γ2, Ne,0 is a normalization factor of the primary electrons, and
χ is the secondary-to-primary electron ratio. The electron spec-
tral index is qe ≥ 2, with the minimal value of 2 corresponding
to the strong-shock limit of the Fermi-I acceleration mecha-
nism.
Ignoring the contribution of low-energy electrons with
γ < γ1, the electron energy density is Ue ≃ Ne,0 (1 +
χ)mec
2
∫ γ2
γ1
γ1−qedγ, where γ2 is the upper end of the elec-
tron energy spectrum. For qe > 2,
Ue = Ne,0 (1 + χ)mec
2 γ2−qe1
[1− (γ2/γ1)2−qe ]
(qe − 2) . (12)
2 Secondary positrons (from π+decay) almost immediately anni-
hilate with thermal electrons.
4 Persic & Rephaeli: CRs in galaxies
Table 1. Proton-to-electron energy density ratios, κ[a].
qp qe κ qp qe κ qp qe κ qp qe κ qp qe κ
2.0 2.0 0.258E+02 2.1 2.0 0.984E+01 2.2 2.0 0.418E+01 2.3 2.0 0.197E+01 2.4 2.0 0.101E+01
2.0 2.1 0.628E+02 2.1 2.1 0.239E+02 2.2 2.1 0.102E+02 2.3 2.1 0.479E+01 2.4 2.1 0.246E+01
2.0 2.2 0.119E+03 2.1 2.2 0.453E+02 2.2 2.2 0.193E+02 2.3 2.2 0.906E+01 2.4 2.2 0.466E+01
2.0 2.3 0.189E+03 2.1 2.3 0.720E+02 2.2 2.3 0.306E+02 2.3 2.3 0.144E+02 2.4 2.3 0.740E+01
2.0 2.4 0.269E+03 2.1 2.4 0.102E+03 2.2 2.4 0.436E+02 2.3 2.4 0.205E+02 2.4 2.4 0.105E+02
2.0 2.5 0.357E+03 2.1 2.5 0.136E+03 2.2 2.5 0.578E+02 2.3 2.5 0.272E+02 2.4 2.5 0.140E+02
2.0 2.6 0.451E+03 2.1 2.6 0.172E+03 2.2 2.6 0.731E+02 2.3 2.6 0.344E+02 2.4 2.6 0.177E+02
2.0 2.7 0.551E+03 2.1 2.7 0.210E+03 2.2 2.7 0.892E+02 2.3 2.7 0.420E+02 2.4 2.7 0.216E+02
2.0 2.8 0.654E+03 2.1 2.8 0.249E+03 2.2 2.8 0.106E+03 2.3 2.8 0.499E+02 2.4 2.8 0.256E+02
2.0 2.9 0.760E+03 2.1 2.9 0.289E+03 2.2 2.9 0.123E+03 2.3 2.9 0.579E+02 2.4 2.9 0.298E+02
2.0 3.0 0.867E+03 2.1 3.0 0.330E+03 2.2 3.0 0.140E+03 2.3 3.0 0.661E+02 2.4 3.0 0.340E+02
[a] An energy range of 10−5GeV − 105GeV is assumed.
For a population of electrons described by Eq. (11), travers-
ing a homogeneous magnetic field of strengthB that permeates
a region of (spherically equivalent) radius rs located at a dis-
tance d from the observer, and emitting a 5 GHz synchrotron
radiation flux of f5 Jy, the standard synchrotron formula (e.g.,
Blumenthal & Gould 1970) yields
Ne,0(1 + χ) = 1.6× 10−16 a−1qe ψ5 1250
qe
2 B−
qe+1
2 , (13)
where quantities are expressed in c.g.s. units, the factor aqe is
defined and tabulated (in, e.g., Blumenthal & Gould 1970), and
ψ5 ≡ ( rs0.1 kpc)−3( dMpc)2( f5Jy ). From Eqs. (12) and (13) we de-
rive
Ue = 1.3× 10−22 1250
qe
2 ψ5 B
−
qe+1
2 ×
× γ
2−qe
1 [1− (γ2/γ1)2−qe ]
(qe − 2) aqe
erg cm−3 . (14)
Since Ue includes both primary and secondary electrons,
the rough assumption that both populations can be character-
ized with nearly the same power-law index 3 means that the
primary electron energy is Ue/(1 + χ). Denoting the primary
3 Theoretical expectation is that power-law indices of proton and
electron source spectra are nearly identical. Under typical interstellar
medium (ISM) conditions, electrons lose energy more efficiently than
protons, resulting in a relative steepening of the electron spectrum.
Secondary electrons (and positrons, produced in π± decays following
pp collisions) initially have a slightly flatter spectrum (by ∆q ≃ 0.2)
than the parent proton spectrum for energies ∼> 1 GeV, but then their
spectrum steepens due to severe energy losses. Detailed numerical
models of emission from starburst galaxies show that primary and sec-
ondary electrons have roughly similar spectral shapes at energies∼ 10
MeV – 1 TeV (e.g., Domingo-Santamarı´a & Torres 2005; De Cea del
Pozo et al. 2009; Rephaeli et al. 2010). Therefore, in the relatively
small SBN region, where energetic particles have not yet ventured out
too far from their acceleration sites, it is quite reasonable (for our pur-
poses here) to characterize their spectra with the same index. After all,
from a practical point of view, both primary and secondary electrons
contribute to the main observable upon which we base our analysis -
radio emission - which is described by a single-index power-law spec-
trum.
p/e energy density ratio (see Sect. 3) by κ(qp, qe), the proton
energy density is
Up ≃ κ(qp, qe) Ue
1 + χ
. (15)
Since tight coupling is expected in the very dense environment
of SBN, particle and magnetic field energy densities can be
assumed to be close to equipartition (see Eq. (21)). If so, we can
express the field in terms of the total particle energy density;
this leads to
Up =
2.5× 1010
1 + (1 + χ)/κ
[
3.3× 10−21
(
1 +
κ
1 + χ
)
γ2−qe1 ×
× [1− (γ2/γ1)
2−qe ] 1250qe/2 ψ5
(qe − 2) aqe
]4/(5+qe)
eV cm−3 . (16)
In general, qe, qp, χ, γ1, γ2, and κ need to be known (or as-
sumed) in order to compute Up. The value of qe is readily de-
duced from measurements of the (nonthermal) radio spectral
index, α, through the relation qe = 2α+ 1.
3.1. Proton spectral index
The proton spectral index has been measured in the nearby
starburst galaxies NGC 253, NGC 3034, and NGC 4945, as
qp ≃ 2.2 (Ackermann et al. 2012). As we discuss below, it can
be expected that this value also characterizes proton spectra in
other starburst galaxies.
Suprathermal particles injected into a supernova shock have
a power-law spectrum with index q = (R+2)/(R− 1), where
R is the shock compression ratio, defined as the downstream to
upstream density, ρd/ρu. In an ideal gas, R = (γ + 1)/[(γ −
1)+2/M2u], where γ is the ratio of the gas specific heats,Mu =
vu/cs is the shock Mach number, and cs is the sound speed.
Since cs =
√
γpu/ρu, clearly Mu = vu/
√
γkBTu/(µmp).
The temperature of the upstream medium, Tu, is nearly two
orders of magnitude higher (T ∼ 106−7 ◦K) in SB regions than
in more quiescent galactic disks (T ∼ 104−5 ◦K) (Heckman &
Lehnert 2000; Fujita et al. 2009). Therefore, for a given shock
velocity vu, during the Sedov phase of SNR the Mach number
5Fig. 1. Energy loss rates of an electron of energy γ mec2 due
to Coulomb, bremsstrahlung, and synchrotron-Compton pro-
cesses in a typical (M 82-like) SBN environment:B = 100µG,
LIR = 10
44 erg s−1, rs = 0.2 kpc, n = 100 cm−3, ne =
200 cm−3.
is smaller in the SBN than in the disk, so that the compression
ratio of a strong shock in the SBN is expected to be R ≃ 3.6,
somewhat lower than the more typical (Galactic) value R ≃ 4.
This lower value implies an injection index in the range 2.0 ≤
q ≤ 2.3 (Fujita et al. 2009).
3.2. Electron secondary-to-primary ratio
The secondary-to-primary electron ratio χ depends on the in-
jection p/e number ratio, ζ, and on the gas density, which de-
termines the effectiveness of pp interactions that yield charged
and neutral pions. An electron is produced in the decay pi− →
µ− + ν¯µ, followed by µ− → e− + ν¯e + νµ; a positron is
produced in the decay pi+ → µ+ + νµ, followed by µ+ →
e+ + νe + ν¯µ. The pp branching ratios are such that in 2/3 of
these interactions e± are produced.
The mean free path of an energetic proton for pp interac-
tions in a gas with density n is λpp = (σppn)−1. The pp
cross section for protons with kinetic energy of a few TeV is
σpp ≈ 50mb = 5 × 10−26 cm2 (Baltrusaitis et al. 1984),
so that the probability for a proton to undergo pp interactions
during its 3D random walk through a region of radius rs is
then
√
3 rs/λpp. Given the injection p/e ratio, ζ, and the above
branching ratio, the secondary-to-primary electron ratio is
χ =
2
3
ζ
√
3 rs n σpp . (17)
In a typical SBN with rs = 0.2 kpc, n = 200 cm−3, and
q = 2.2 − 2.3), estimated values of χ are ∼ 0.6 − 1, in agree-
ment with results from more detailed numerical models (e.g.,
Paglione et al. 1996; Domingo-Santamarı´a & Torres 2005; De
Cea et al. 2009; Rephaeli et al. 2010).
3.3. Equipartition magnetic field
As we have already noted, it is quite likely that in their equi-
librium minimum-energy configuration particles and magnetic
fields, which are tightly coupled dynamically and energetically
in the SN environment, are in energy equipartition. We assume
that equipartition is indeed attained during the starburst phase,
and use it to determine the mean magnetic field in the SBN re-
gion. The starting point is an estimate of the electron energy
density from the measured radio flux, which we obtain by in-
tegrating the electron spectral energy density over the interval
[γ1 , γ2].
For consistency with the assumed power-law form of the
electron spectral density, we take the low-energy limit γ1 to be
the value of the Lorentz factor at which the sum of the Coulomb
(or electronic excitation, in ionized gas) and bremsstrahlung
loss rates equals the synchrotron-Compton loss rate. This is
also based on the fact that even for the relatively high values of
the magnetic field in SBN, the measured radio emission (upon
which our normalization of the electron density is based) sam-
ples electrons with γ > 103.
The Coulomb (electronic excitation) loss rate (e.g.,
Rephaeli 1979) is
b0 = − γ˙c ≃ 1.2× 10−12 ne
[
1.0 +
ln (γ/ne)
84
]
s−1 , (18)
where ne is the (thermal) electron number density.
The closely related bremsstrahlung loss rate for a H+He
plasma with solar abundances, that also includes the contribu-
tion of e-e scatterings, is (Gould 1975)
b1 = −γ˙b ≃
{
1.78× 10−16nγ[ln (γ) + 0.36] s−1 ion.
9.44× 10−16nγ s−1 neutr. ,(19)
where n denotes the number density of hydrogen nuclei. The
reported expression for neutral plasma holds for γ ≥ 100;
at lower γ the ionized and neutral cases essentially overlap
(Gould 1975).
The higher order (in γ) synchrotron-Compton loss rate
(e.g., Blumenthal & Gould 1970) is
b2 = − γ˙SC = 1.3× 10−9 γ2
(
B2 + 8piρIR
)
s−1 , (20)
where ρIR is the energy density of the (dominant) IR radiation
field in the SBN region.
Equating the sum of the first two loss rates with the latter
yields an estimate of γ1. In Fig. 1 we display the energy-loss
rates, expressed in Eqs. (18)-(20), for typical SBN parameters.
In our numerical estimates (see Table 2) we use the second of
Eq. (19) for the mostly-neutral SBNs in Arp 220 and Arp 299-
A, and the first for the other, mostly-ionized SBNs.
Whereas the dependence of the electron energy density on
γ1 is appreciable, since γ2 > 105 the exact value of the upper
end of the γ integral is of little significance for the range of
values of qe of interest here; in our calculations we take γ2 =
105.
With both Ue and Up determined, the mean field strength is
deduced from
B2
8pi
= η (Up + Ue) , (21)
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where η = 1 in equipartition, but somewhat lower, η = 3/4,
in strictly minimum-energy configuration (Longair 1981) 4. In
terms of the particle p/e energy density ratio, κ, the particle-
field coupling condition is B2/8pi = η Up [1 + (1 + χ)/κ], so
that
B =
√
η
[
3.3× 10−21
(
1 +
κ
1 + χ
)
1250qe/2 ψ5 ×
× γ2−qe1
[1− (γ2/γ1)2−qe ]
(qe − 2) aqe
]2/(5+qe)
G . (22)
Given the values of n, the size of the SBN region, and the IR
energy density (which is computed from the LIR and the re-
gion size), as listed in Table 2, the expression for B in the last
equation (with η = 1) can be inserted in Eq. (20), and using
the other two loss rate equations, the value of γ1 can be de-
duced. This value of γ1 is then substituted in the equation for
B to obtain the equipartition value of the mean field. We note
that in most cases the corresponding synchrotron frequency,
ν1 = 4Bγ
2
1 MHz, where the radio spectrum is expected to
curve to a flatter slope for decreasing frequencies, is compa-
rable to our reference frequency of 5 GHz.
4. Proton energy densities in SBNs
In starburst galaxies SF is very intense in a relatively small nu-
clear region (the SBN) with effective radius rs ≈ 0.2 kpc –
with rs ≡ (3/4R2sbhsb)1/3, where Rsb and hsb are the radius
and height of the region. By contrast, low-intensity star forma-
tion quiescently proceeds throughout the galactic disk (as in
normal, i.e., non-SB, spirals, such as the Galaxy).
For a sample of local SBNs, values of Up and B were cal-
culated using the relevant observational quantities in Table 2,
starting with the radio flux and spectral index. Because of ap-
preciable observational uncertainties, mostly in the values of
the gas density and the size of the emitting region, and be-
cause of modeling uncertainties, the derived values of B and
Up are also uncertain, typically by a factor which we estimate
to be ∼1.4 and ∼2. While our results for these two quantities
would not seem to be that precise, it should be emphasized that
some of the uncertainties are inherent given the basic difficul-
ties in determining the size and density of the SBN, the limited
spatial resolution, and the rudimentary level of the spectral γ-
ray measurements. We note that, in light of these substantial
4 Energy equipartition may be attained (over time) under condi-
tions of tight coupling of the main matter and energy components
of a physical environment in its minimum energy configuration. The
electromagnetic emission of a SBN that directly comes from relativis-
tic particles manifests itself in the radio and in γ rays. The total en-
ergy density in the SBN responsible for such nonthermal emission is
U = UCR + UB. As noted in Sect. 2, under physical conditions pre-
vailing in a SBN the particles and the B-field behave like relativistic
fluids tightly coupled with each other. Their equilibrium configura-
tion most likely corresponds to a state of minimum energy, which is
achieved for UB = η UCR with η = 3/4 (Longair 1981). Clearly, this
minimum-energy condition is very close to equipartition (η = 1), so at
equilibrium the particle energy density nearly equals the field energy
density.
uncertainties, the (modeling) uncertainty in B, when the lat-
ter is calculated assuming energy equipartition as compared to
minimum energy, is relatively insignificant. For example, for
the two well-studied nearby starburst galaxies, NGC 253 and
NGC 3034 (M 82), values of B are only ∼ 15% lower in the
minimum energy configuration compared to the equipartition
values (listed in Table 2). The CR-derived results are stable
over much of the ISM parameter space of SBNs (Boettcher et
al. 2013).
Our electron-based estimates of the proton energy densi-
ties are in agreement with γ-ray measurements of pi0-decay
emission for the three galaxies NGC 253, NGC 3034, and
NGC 4945 for which such emission was detected. The results
for the very compact SBNs of Arp 220 and Arp 299-A represent
extreme cases; small source regions and relatively hard electron
spectra result in high magnetic fields and high CR energy den-
sities, B ∼ 0.2mG and Up ∼ 500 eV cm−3. However, it is
questionable whether in such extreme environments, with con-
ditions that are more typical of SNRs, steady state and equipar-
tition are actually attained (e.g., Torres 2004). The unusually
high values of γ1 derived for these highly compact nuclei may
signal, in fact, a breakdown in our assumptions, the most criti-
cal one being particle-field equipartition.
5. Discussion
Active SF leads to particle acceleration by SN shocks.
Considerations of the acceleration, relevant energy losses, and
starburst timescales, indicate that relativistic proton and elec-
tron distributions reach steady state during most of the starburst
phase. Given the tight coupling between the particles and mag-
netic fields in the dense plasma, it is quite likely that energy
equipartition is achieved in the SBN region. With an assumed
theoretically motivated p/e ratio, the assumption of equiparti-
tion provides the requisite relation to determine particle energy
densities and the mean field from spectral radio measurements.
Essential to this radio-based method is a reliable estimate of
the p/e energy ratio, κ. Adopting the common assumption of an
overall electrically neutral nonthermal plasma, we derived an
approximate expression for this ratio as a function of the elec-
tron and proton spectral indices, qe and qp. We note that, in the
limit of qe = qp = q (e.g., at injection), κ ≃ (mp/me)(3−q)/2;
this simple relation is supplementary to the analogous, well-
known p/e number ratio, Np/Ne = (mp/me)(q−1)/2 (e.g.,
Schlickeiser 2002). Even though the assumptions of single-
index steady-state spectra and particle-field equipartition may
be unrealistic, at our present knowledge of the SBN environ-
ment relaxing any of these simplifications necessarily leads to
a more parameter-rich formalism that will invariably result in
arbitrariness in guessing parameter values in what is essentially
an underdetermined problem.
For the determination of qp, we have assumed that SBN
γ-ray spectra (in the observed Fermi/LAT and IACT energy
ranges) are dominated by emission from pi-decay owing to the
much higher SF rate and mean (target) gas density in the SBN
than in the (rest of the) disk. The theoretical expectation of pro-
ton injection index in the range 2.0 ≤ q ≤ 2.3 is fully consis-
tent with the measured value qp ≃ 2.2. Because of the lack
7Table 2. Starburst galaxies: data and results for high-energy activity.
Object D[1]L R[2]SB h[3]SB f [4]5 α[5] n[6]e L[7]IR M [8]SB χ[9] κ[10] γ[11]1 B[12] U [13]p Notes[a]
Arp 220 E 74.7 114+ – 0.08 0.70 3000+ 44.91 9.3 24 48 21000 155 390
Arp 220 W 74.7 70+ – 0.10 0.70 3000+ 45.08 9.1 40 48 15000 230 730
Arp 299-A 43.0 140 200⋆ 0.10 0.60 250 44.88 9.0 8 20 8700 145 365 = IC 694
NGC 253 2.5 180 150 1.80 0.70 100 43.62 7.7 0.3 48 8300 100 235
NGC 3034 3.4 300 200 3.70 0.71 200 43.96 8.1 0.3 51 6600 100 250 = M 82
NGC 3628 7.6 135 200⋆ .065 0.86 100 43.30 7.3 0.1 120 7600 65 100
NGC 4945 3.7 250 200⋆ 2.25 0.60 300 43.72 7.4 0.1 20 4700 110 270
NGC 5236 3.7 180 200⋆ 0.75 0.80 200 43.45 7.3 0.1 90 5000 105 260 = M 83
NGC 6946 5.5 150 200⋆ .045 0.74 100 43.51 7.0 0.7 60 4000 65 110
[1]Distance, in Mpc (from Ackermann et al. 2012). [2,3]Radius and height of (cylindrical) star-forming region, in pc (⋆: assumed; +: spherical).
Data are from Torres 2004 and references therein (Arp 220), Sugai et al. 1999 (Arp 299-A), Carral et al. 1994 (NGC 253), Vo¨lk et al. 1996
(NGC 3034), Israel et al. 1990 (NGC 3628), Brock et al. 1988 (NGC 4945), Calzetti et al. 1999 (NGC 5236), Schinnerer et al. 2006 (NGC 6946).
[4,5]Nonthermal 5 GHz flux density, in Jy, and spectral radio index. Data are from Torres 2004 (Arp 220), Bondi et al. 2012 (Arp 299-A),
Rephaeli et al. 2010 and references therein (NGC 253), Klein et al. 1988 and Carlstrom & Kronberg 1991 (NGC 3034), Condon et al. 1982
(NGC 3628), Elmouttie et al. 1997 (NGC 4945), Sukumar et al. 1987 (NGC 5236), Murphy et al. 2011 (NGC 6946). [6]Thermal electron
density, in cm−3 (⋆: assumed). Data are taken or computed from Yun et al. 2004 (Arp 220), Sugai et al. 1999 and Zhao et al. 1997 (Arp 299-A),
Engelbracht et al. 1998 (NGC 253), Petuchowski et al. 1994 (NGC 3034), Dahlem et al. 1996 (NGC 3628), Lipari et al. 1997 and Spoon et
al. 2000 (NGC 4945), Krabbe et al. 2014 (NGC 5236), Engelbracht et al. 1996 (NGC 6946). [7]Log of the total IR (8–1000µm) luminosity
(erg s−1; Ackermann et al. 2012, and Charmandaris et al. 2002 for Arp 299-A). [8]Log of ISM mass in the SB (in M⊙). Data are from Torres
2004 (Arp 220), Charmandaris et al. 2002 (Arp 299-A), Carral et al. 1994 and Domingo-Santamarı´a & Torres 2005 (NGC 253), Rickard et al.
1977, Rieke et al. 1980, Weiss et al. 2001 (NGC 3034), Israel et al. 1990 (NGC 3628), Spoon et al. 2000 (NGC 4945), Israel & Baas 2001
(NGC 5236, NGC 6946). [9]Secondary-to-primary electron ratio. [10]p/e energy density ratio. [11]Electron Lorentz factor at which Coulomb
and synchrotron energy losses are equal. [12]Equipartition magnetic field, in µG. [13]Equipartition CR proton energy density, in eV cm−3.
[a] Arp 220 E and W denote, respectively, the east and west extreme starbursts embedded in Arp 220’s molecular disk (see Torres 2004 and
references therein). NGC 4945 hosts a Seyfert-1 nucleus, but its high-energy γ ray emission is dominated by the SBN (Spoon et al. 2000;
Lenain et al. 2010).
of spatial information on the distribution of γ-ray emission in
the nearby starburst galaxies, our expectation on the respective
contributions of the SBN and disk regions is based on theoret-
ical predictions, particularly our own detailed numerical mod-
eling of the emission in M 82 and NGC 253 (using a modified
version of the GALPROP code: Persic et al. 2008 and Rephaeli
et al. 2010; see also Domingo-Santamarı´a & Torres 2005 for
NGC 253). These analyses do suggest that while the relative
contribution of the disk is not negligible, it comprises only a
small fraction due to further steepening of the particle spectra
in the disk. However, given the uncertainty in the exact values
of both the measured and predicted power-law indices, there is
also an uncertainty in the relative contributions of the SBN and
disk.
Our work here improves on our earlier discussion and par-
tial implementation of the radio-based method for determin-
ing electron and proton energy densities in active regions of
SF (Persic & Rephaeli 2010). We do so by accounting for
electron radiative losses, by using a more accurate calculation
of the p/e ratio, and basing our approach on insight gained
from our previous implementation of a modified version of
the GALPROP code that fully accounts for both spectral and
spatial evolution of proton and electron distributions in the SB
region and throughout the disk (Persic et al. 2008; Rephaeli
et al. 2010). Our general approach and its quantitative imple-
mentations for predicting the high-energy spectra of the star-
burst galaxies NGC 253 and NGC 3034 have been validated by
good agreement with γ-ray measurements (Acero et al. 2009;
Acciari et al. 2009; Ackermann et al. 2012).
Following on previous work (Beck & Krause 2005), in a
recent paper Lacki & Beck (2013, hereafter LB13) discussed
the validity of field-particle equipartition in a SB environment,
accounting for secondary electrons and strong energy losses.
While their main conclusions on deducing Up from radio mea-
surements do agree with ours (in both Persic & Rephaeli 2010
and this work), there are substantial differences between our
respective treatments. First, we start with the electron spec-
trum as deduced from radio measurements, including the con-
tribution of secondary electrons to the emission. We then use
an analytically derived primary p/e energy density ratio (using
the relevant parameter values) to compute Up. In contrast, the
starting point of the LB13 analysis is the proton energy den-
sity, which they take to be related to the electron energy den-
sity by the same factor, 75, for all the galaxies in their sample.
Second, whereas we assume electric neutrality of the acceler-
ated particles to determine the primary p/e ratios for different
electron and proton spectral indices, LB13 start from an as-
sumed universal p/e number density ratio, which they adjust by
accounting for the electrons’ energy losses. Third, we compute
the secondary-to-primary electron mumber ratio by using the
primary p/e number ratio, the mean proton free path in a gas
with a given density, and the branching ratios in pp interac-
tions, whereas LB13 estimate this ratio by scaling the injection
p/e ratio by 1/6 the value of the estimated fraction of the pro-
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ton energy that goes into pi±. These differences in approach
and implementation led to substantially different results for Up
and B (listed in our Table 2 and their Table 3). Whatever the
details, it should be noted that for the nearby starburst galax-
ies NGC 253, NGC 3034, and NGC 4945 our estimated Up and
B agree with results of direct measurements. This agreement
suggests that the equipartition assumption, which we made to
derive CR and B energy densities, is globally verified in these
SBNs, at least as an average property. For NGC 3034 this sug-
gestion was made early on by Vo¨lk et al. (1990) on the condi-
tion that ζ(> 1GeV) ∼ 102, a condition that is consistent with
our procedure, see Eq. (6).
If the agreement between radio estimates and γ-ray mea-
surements of Up and B in SBNs is further validated and es-
tablished, the radio method for reliable estimation of proton
energy densities will be particularly useful for distant (z∼> 1)
galaxies whose intense SF is exemplified (albeit at lower lev-
els) by the nearby starburst galaxies, but whose faint γ-ray
fluxes are not detectable with current or upcoming instruments,
whereas their<0.1 mJy radio fluxes are (e.g., Tozzi et al. 2009).
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